Abstract-The effect of 16,16-dimethyl prostaglandin E2 (dmPGE2) on gastric surface epithelial cell (SEC) damage induced by vagal nerve stimulation (VS) in urethane-anesthetized rats was studied using scanning electron microscopy. VS (1.25-10 Hz, 0.2 mA, 2 msec, 10 min) resulted in a graded increase in the SEC damage, increased gastric contractions, increased gastric acid secretion, and a decrease in heart rate. Pretreatment with dmPGE2 (0.3-30 /-,g/kg, s.c.) sig nificantly protected the SEC from VS-induced damage, inhibited the increase in gastric contractions and acid secretion, but had no influence on the decrease in heart rate. Atropine (1 mg/kg, s.c.) also protected the SEC from VS-induced damage and inhibited the alterations in response to VS. Timoprazole (30 mg/kg, s.c.) had no protective effects on SEC from VS-induced damage, no effect on increased gastric contractions and heart rate, but did inhibit the increase in gastric acid secretion, in response to VS. These results suggest that: (A) VS-induced SEC damage was caused by increased gastric contractions and not by increased gastric acid secretion, and (B) dmPGE2 protects against SEC damage by inhibiting gastric contractions.
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We reported that neither antisecretory nor non-antisecretory doses or 16,16-dimethyl prostaglandin E2 (dmPGE2) protected the surface epithelial cells (SEC) in the rat stomach from ethanol-induced damage (1) . However, we found that dmPGE2, even at non-antisecretory doses, significantly pro tected the SEC from aspirin and indome thacin-induced damage (1, 2) . These results indicate that the effects of dmPGE2 on SEC damage induced by various agents, which may be a prerequisite for further development of gastric mucosal lesions, are different and inconsistent.
Vagal overactivity has been implicated in the etiology of indomethacin (3), phenyl butazone (4) and stress (5-7) induced gastric ulcers in rats as shown by the pro tective effects of pretreatment with anti cholinergics or by vagotomy. Cho et al. (8, 9) examined the direct effect of electrical stimulation of the vagus on the formation of gastric mucosal lesions in urethane-anes thetized rats. They postulated that the increase in intragastric pressure and a release of histamine from the stomach by vagal overactivity are involved in the pathogenesis of lesion formation.
Since prostaglandins inhibit the ulcer formation induced by indomethacin, phenyl butazone or stress, it is of interest to deter mine whether or not dmPGE2 can protect the SEC from vagal nerve stimulation (VS) induced damage in rats. To elucidate the mechanism of dmPGE2 protection, atropine (an anticholinergic agent) and timoprazole (a proton pump inhibitor) were used as reference drugs.
Materials and Methods
Male Sprague-Dawley rats, weighing 200 240 g, were deprived of food but allowed free access to water for 24 hr prior to the experiments. The animals were anesthetized with urethane (1.25 g/kg, i.p., Nakarai) and kept warm with a heating lamp . Tracheal cannulation was then carried out to maintain an open airway.
SEC damage by VS: The left cervical vagal nerve was exposed and cut proximally . Nerve stimulation was carried out at 0 .2 mA, square pulse duration of 2 msec, and frequency of 1.25, 2.5, 5 or 10 Hz for 10 min through a bipolar platinum electrode placed distal to the cut on the vagal nerve (Nihon Kohden, SEN-3201). In the sham-operated animals , the vagal nerve was similarly exposed and cut, but stimulation was not given . Im mediately after cessation of VS, the stomach was removed and opened along the greater curvature. Scanning electron microscopic study was done as described (1) . Briefly, the stomach was extended on a glass plate, washed with saline at 4°C and put into phosphate-buffered 1.2% paraformaldehyde 2.5% glutaraldehyde-0 .03% trinitrophenol for 3 hr at 4°C, then dehydrated using a graded series of ethanol solutions and finally placed in isoamyl acetate. The tissues were then critical point dried with CO2 (Hitachi, HPC-2), mounted on aluminum stubs and vacuum coated with a palladium-platinum ion sputter (Eicho, 113-3). The samples were examined for damage under a scanning electron microscope (JEOL, JSM-T20) . Four parts in the corpus were individually scanned. The severity of damage in the SEC was arbitrarily divided into five degrees as follows: Damage index 0, almost no visible changes in the SEC; damage index 1 , several shallow apical erosions in the SEC; damage index 2, many shallow and several deep apical erosions of the SEC; damage index 3, many deep apical erosions of the SEC without exposure of lamina propria; damage index 4, focal exfoliation of the SEC, exposing lamina propria; damage index 5, widespread exfoliation of the SEC and pit cells. The mean values of the four parts of the corpus served as the damage index per stomach.
Each experiment was performed using 5 to 6 rats per group. The person measuring the lesions had no knowledge of which treat ment an animal had received.
Gastric acid secretion: To examine the effect of VS on gastric secretion, the following experiments were done. The abdomen was incised and the stomach and duodenum exposed. An acute gastric fistula, prepared by means of a polyethylene tube, was prepared in the forestomach. Another polyethylene tube was inserted into the stomach from a slit on the duodenum and held in place by a ligature around the pylorus. The stomach was perfused at a flow rate of 1.0 ml/min with saline which was adjusted to pH 7.0, gassed with 100% 02, heated at 37°C and kept in a reservoir. Gastric acid secretion was titrated at pH 7.0 using a pH-stat method (Hiranuma, Comtite-8) and by adding 100 mM NaOH to the reservoir. After stabilization of basal acid secretion, gastric acid secretion was measured every 10 min, before VS (1.25-10 Hz, 0.2 mA, 2 msec for 10 min), during VS and for 60 min after VS. Six rats per group were used for each experiment.
Gastric motility: Gastric motility was measured using a miniature balloon according to Takeuchi and Nobuhara (10). Briefly, the water-filled balloon and support catheter were inserted into the stomach through a cautery hole made in the forestomach. These were tied in place so that they lay in the glandular part of the stomach, and the system was connected to a pressure trans ducer (Nihon Kohden, LPU-0.1-350-0-II). The gastric motility was quantitated by both measuring the maximum amplitude of intra gastric pressure (cmH2O) and counting the number of spikes with an amplitude of 20 cmH2O or greater during VS (1.25-10 Hz, 0.2 mA, 2 msec for 10 min). Additionally, the left femoral artery was cannulated using a polyethylene tube (Clay Adams, PE-50) to monitor blood pressure with the aid of a pressure transducer (Nihon Kohden, MPU 0.5-290-0-III).
Heart rate was measured using a cardiotachometer (Nihon Kohden, AT 600) triggered by the R wave of the limb lead II electrocardiogram. Five rats per group were used for each experiment.
Drugs: dmPGE2 dissolved in triacetin (2.2 mg/ml, Funakoshi) was diluted with saline to an appropriate concentration before use. Atropine sulfate (Sigma) was freshly dis solved in saline, and timoprazole, synthesized in the Suntory Laboratory, was suspended in saline with a few drops of Tween 80 (Nakarai). Either dmPGE2 (0.3, 3, 30 /ag/kg), atropine (1 mg/kg), or timoprazole (30 mg/ kg) was given s.c. 30 min before VS, in a volume of 0.5 ml/100 g body weight, in all experiments.
Control animals were given only the vehicle.
Statistics: Data are presented as the mean±S.E., and were analyzed for statistical significance by means of Student's t-test and the Fisher Exact test.
Results
SEC damage by VS: Electrical stimulation of the vagal nerve at 1.25 to 10 Hz, 0.2 mA, 2 msec for 10 min produced a frequency dependent and significant increase in damage in the SEC of the corpus mucosa ( Fig. 1 ) . At 1.25 Hz, the appearance of SEC did not differ from that in the non stimulated group. However, there was ap parent damage in the apical membrane of the SEC when VS was applied at 2.5 Hz. The damage became severe at 5 Hz, i.e., a widespread exfoliation of the SEC and exposure of the lamina propria along the mucosal folds (Fig. 2, A Effects of VS on gastric acid secretion: The mean basal acid output was 3.3±0.2 ,aEq/10 min (n=30, Fig. 3 ). VS gradually stimulated gastric acid secretion during and after cessation of VS, in a frequency-dependent manner (1-5 Hz). However, at 10 Hz, the gastric acid secretion was decreased, as compared with that at 5 Hz stimulation. This may be due to cardiovascular changes, as mentioned below. The maximal acid output was observed 10 min after cessation of VS (1 8.7±0.8 fEq/10 min at 5 Hz), and recovery occurred about 90 min after the cessation of VS.
Effects of VS on gastric motility and on the cardiovascular system: VS at 1.25 to 5 Hz produced a frequency-dependent increase in gastric contractions (both the amplitude and frequency) (Figs. 4A and 5). The increase in the amplitude reached the maxi mum at 5 Hz and showed no further increase at 10 Hz, and rather, the frequency of con tractions was decreased. The mean arterial blood pressure was not influenced by VS at 1.25 to 5 Hz, but a small reduction in heart rate was observed (Fig. 4B) . At 10 Hz, a marked reduction in heart rate (by 131 ±36/ min) and arrhythmias were observed. In particular, the diastolic blood pressure was decreased.
Effects of dmPGE2, atropine and timo prazole on VS-induced SEC damage: Pre treatment with dmPGE2 (3 and 30 ,ug/kg) significantly protected the SEC from VS induced damage, as compared to the control value, the protection being 57.8% and 64.4%, respectively (Fig. 6 ). Representative micro photographs are shown in Fig. 7 . The SEC was also protected from the VS-induced damage by pretreatment with atropine (1 mg/ kg, Fig. 6 ). The degree of protection (62.3%) by atropine was all but equal to that observed by dmPGE2 (3 or 30 fig/kg, Fig. 7E ). In Note that there was a widespread exfoliation of surface epithelial cells on top of the mucosal folds after VS, resulting in an exposure of the lamina propria, as a honey-comb structure. contrast, pretreatment with timoprazole (30 mg/kg) had no effect on VS-induced damage (Figs. 6 and 7F). Effects of dmPGE2, atropine and timo prazole on gastric acid secretion induced by VS: Pretreatment with dmPGE2 inhibited VS induced acid secretion (both the basal and stimulated), in a dose-dependent manner (Fig. 8) . Even at a dose of 0.3 /cg/kg, there was a significant inhibition of acid secretion for 20 min. At 3 or 30 ag/kg, the VS-induced acid secretion was potently inhibited for 60 min after VS. Atropine (1 mg/kg) and timoprazole (30 mg/kg) also potently inhibited the VS-stimulated acid secretion and the basal and VS-induced acid secretion, respectively (Fig. 8) .
Effects of dmPGE2, atropine and timo prazole on gastric hypermotility induced by VS: Pretreatment with dmPGE2 significantly reduced the amplitude of the gastric con tractions in response to VS (Fig. 9) , the inhibition being 22.0%, 38.0% and 60.6% at 0. 3, 3 and 30 ug/kg, respectively. At 30 ,ug/kg, the frequency of gastric contractions became zero. The decrease in heart rate in response to VS was not affected by dmPGE2 even at a dose of 30 /ug/kg (data not shown). Atropine (1 mg/kg) also significantly in hibited both the amplitude and frequency of gastric contractions, as compared to events Fig. 4 . Effects of VS on gastric contraction (A) and blood pressure and heart rate (B) in urethane anesthetized rats. Gastric contraction (both amplitude and frequency) was increased in an Hz-dependent manner. Data represent the meanfone S.E. rats. Both dmPGE2 and atropine significantly reduced the damage index, determined by scanning electron microscopy (SEM). Timoprazole had no effect on the damage.
Data represent the mean+one S.E.
observed before VS. The agent attenuated bradycardia in response to VS (data not shown). It is to be noted that timoprazole had no effect on gastric contractions (both amplitude and frequency) and heart rate in response to VS.
Discussion
We found that electrical stimulation of the vagus nerve for 10 min induced micro scopical damage to the SEC of the gastric corpus of anesthetized rats. The damage mainly consisted of a widespread exfoliation of the SEC and exposure of the lamina propria. These features resemble those observed after intragastric application of 50 or 100% ethanol (1, 11), aspirin (1) and indomethacin (2, 12) . Cho et al. (8) reported the development of macroscopically visible damage of the gastric mucosa after VS (2 or 5 V, 20 Hz, 2 msec, 2 hr). In contrast to their findings, we found no visible damage, probably because of the short time and strength of VS. However, the exposure of lamina propria produces a vulnerable stage of gastric mucosa, an event which may be a prerequisite for further development of gastric mucosal lesions.
Cho et al. (8, 9) postulated that VS induced gastric lesions might be caused by increased contractions of the stomach and not by increased acid secretion. They reported that the VS-induced damage was potently inhibited by pretreatment with atropine and was not inhibited by perfusion of NaHCO3. We also confirmed that ga_tric contractions and gastric acid output were significantly increased by VS. Pretreatment with dmPGE2 and atropine markedly pro tected the SEC from the VS-induced damage. The doses of these agents were those which significantly inhibited the increased gastric acid secretion and gastric contractions in response to VS. dmPGE2 had no effect on the changes in the cardiovascular system in response to VS. Therefore, the pathogenesis of the VS-induced damage appears to involve at least these two parameters.
It was reported that SEC was damaged by acute stimulation of gastric acid secretion by pentagastrin or intra-gastric instillation of 150 mM HCI, when determined in a scanning electron microscopic study of the rat stomach (13). Since VS leads to the release of histamine (9) and gastrin (14), the increased acid secretion caused by VS may be due to direct action on parietal cells by a cholinergic mechanism and indirect action through the Fig. 7 . Scanning electron microphotographs showing the effects of dmPGE2, atropine and timoprazole on surface epithelial cell damage induced by VS (5 Hz, 0.2 mA, 2 msec, 10 min) to the gastric corpus mucosa in urethane-anesthetized rats. Note that pretreatments with dmPGE2 and atropine protected the surface epithelial cells against VS-induced damage.
Timoprazole had no effect on this damage. A: vehicle alone (x100); B: dm PGE2, 0.3 ug/kg (x100); C: dmPGE2, 3 ug/kg (x500); D: dmPGE2, 30 jig/kg (x 500) ; E: atropine, 1 mg/kg (x 500) ; F: timoprazole, 30 mg/kg (x 100). Timoprazole, like dmPGE2 and atropine, potently inhibited the increased gastric acid output. However, this agent, in contrast to dmPGE2 and atropine, had no effect on VS-induced gastric con tractions. These results indicate that dmPGE2 and atropine protected the SEC from VS induced damage, probably by inhibiting the Fig. 9 . Effects of dmPGE2, atropine and timoprazole on gastric motility enhanced by VS (5 Hz, 0.2 mA, 2 msec, 10 min) in urethane anesthetized rats. Both dmPGE2 and atropine significantly reduced the increase in gastric contraction (both amplitude and frequency).
Timoprazole had no effect on these contractions.
increase in gastric contractions, events which may cause mucosal compression and rubbing. It is known that VS increases gastric mucosal blood flow as well as gastric acid secretion (18, 19). However, contractile activity of the serosal musculature may compress the mucosa within the folds and thereby reduce ridge flow (20). Whether or not dmPGE2 and atropine influence the change in blood flow following VS is the subject of ongoing study.
There (4, 25, 26) reported that the gastric lesions induced by phenylbutazone and stress were formed at specific sites along the gastric mucosal folds as the results of mucosal compression via vagal overactivity. In the present study, we observed that the exfoliation of SEC after VS was also situated on the crests of the mucosal folds. These results and previous reports taken together indicate that vagal overactivity is implicated in the etiology of indomethacin-, phenyl butazone and stress-induced gastric ulcers, induces the gastric compression which leads to the exfoliation of SEC, and this vulnerable stage of gastric mucosa develops to visible lesions when other factors are added such as deficiency of endogenous prostaglandins, gastric acid hypersecretion, decrease of mucosal blood flow and so on.
Takeuchi and Nobuhara (10) found that necrotizing agents such as absolute ethanol, 0.6 N HCI, 0.25 N NaOH or boiling water markedly increased gastric contractions of rats immediately after intragastric application. Since dmPGE2 at the dose which inhibits increased gastric contractions macro scopically protected the gastric mucosa from necrotizing agent-induced streak lesions, they postulated that protective effects of dmPGE2 appeared through prevention of contractions and dissolution of the mucosal folds. Unlike VS or indomethacin-induced damage, dmPGE2 had no protective effect on the SEC of the gastric mucosa from ethanol induced damage (1) . In the initial stage, mechanisms other than gastric contractions, such as direct physico-chemical invasion to the SEC may be involved in the ethanol induced gastric mucosal damage.
We conclude that (A) VS induces SEC damage to the gastric mucosa of rats within 10 min through increased gastric con tractions, (B) dmPGE2 protects the SEC from VS-induced damage, probably by inhibiting these gastric contractions.
